Chronic vagus nerve stimulation (VNS) can facilitate learning of sensory and motor behaviors. 3 VNS is believed to trigger release of neuromodulators, including norepinephrine and acetylcholine, 4 which can mediate cortical plasticity associated with learning. Most previous work has studied 5 effects of VNS over many days, and less is known about how acute VNS influences neural coding 6 and behavior over the shorter term. To explore this question, we measured effects of VNS on 7 learning of an auditory discrimination over 1-2 days. Ferrets implanted with cuff electrodes on 8 the vagus nerve were trained by classical conditioning on a tone frequency-reward association. 9 One tone was associated with reward while another tone, was not. The frequencies and reward 10 associations of the tones were changed every two days, requiring learning of a new relationship. 11 When the tones (both rewarded and non-rewarded) were paired with VNS, rates of learning 12 increased on the first day following a change in reward association. To examine VNS effects 13 on auditory coding, we recorded single-and multi-unit neural activity in primary auditory cortex 14 (A1) of passively listening animals following brief periods of VNS (20 trials/session) paired with 15 tones. Because afferent VNS induces changes in pupil size associated with fluctuations in 16 neuromodulation, we also measured pupil during recordings. After pairing VNS with a neuron's 17 1 Jesyin Lai
. Two possible pathways by which VNS could mediate changes in A1 spiking activity. In the short-term, reversible pathway, VNS evokes changes in pupil that are correlated with neural excitability. In the long-term, persistent pathway, which maybe gated by the rapid and reversible changes, VNS produces long-term plasticity related to learning. The net change in the A1 response is the sum of short-term and long-term effects, ∆r = ∆r pupil + ∆r persist .
activity should reflect synaptic plasticity and learning, and should last longer than changes in pupil. These 72 pathways may not be independent, as the long-term effects may be gated by the short-term fluctuations in 73 neuromodulatory activity. 74 Although previous studies have shown plasticity in A1 following VNS, most performed chronic pairing 75 of VNS with sound presentation over many days, e.g., 300 times/day for 20 days Engineer et al. (2015b);
Pupil size was measured using custom written code in MATLAB or Python. The details of pupil diameter 146 measurement in early recordings are similar to Schwartz et al. (2019) . For the later recordings using 147 Python analysis, we trained a machine learning algorithm to locate the pupil in each video frame and fit 148 an ellipse to the pupil boundary. The algorithm was trained on video frames that were labeled using the 149 methods in Schwartz et al. (2019) . After training, the model performed well on novel video frames from 150 new animals. If the fit quality was poor, the model was retrained and the analysis rerun to obtain a better fit 151 quality. The code for this analysis is available at https://github.com/LBHB/nems_db.
152
For both analyses, we defined pupil size as the length of the minor axis (in pixels) of the fit ellipse. The 153 frame rate of the cameras varied from 10 to 30 frames/second. A timestamp was recorded at the start and 154 end of each trial with subsequent interpolated measurements of pupil size to match the sampling of the 155 simultaneously recorded neural data. This procedure ensured that the two data streams (video and neural 156 recording) remained synchronized throughout each recording.
independently of animal behavior, but licks were monitored by a piezo resistor attached to the lick spout.
Licking after tone onset but before reward delivery indicated anticipation of the reward and were interpreted 175 as learning of the reward association. When animals learned to associate T1 with a liquid reward, another 176 tone (T2, frequency 2-3 octaves away from T1) was presented on randomly interleaved trials but with no 177 reward. In classical condition protocols, T1 and T2 are often referred to as CS+ and CS-, respectively.
178
The frequencies of T1 and T2 were changed every 2 days (200-250 trials/day), which is the average time 179 animals took to discriminate the rewarded versus non-rewarded target without VNS pairing.
180
After animals demonstrated an ability to learn the target-reward associations, VNS was introduced during 181
behavior. Two conditions were tested, tone-paired and -unpaired. In the paired condition, both T1 and T2 However, the stimulation current for VNS was set for each animal by adjusting the current from 0.4 mA 186 to 2.0 mA in 0.2 mA steps. The lowest effective current was determined as the level at which the animal 187 showed higher cumulative lick rate on the rewarded tone for paired versus unpaired VNS-tone condition.
188
Once this level was determined for each animal, the same current was then used in all the training sessions 189 and recordings for data acquisition (animal P: 1.5 mA, S: 2.0 mA, and N: 0.4 mA). The impedance of the 190 cuff electrode (5-15 kΩ) was verified during training by converting the voltage required to produce the 191 stimulation current into a resistance value. All data reported in the results were collected after the effective 192 stimulation current was established.
193
To quantify animals' learning to discriminate the rewarded and non-rewarded target tones, we calculated 194 learning index (LI) with the below equation:
R is the probability of licking during the 0.95 s window from 0.2 s after tone onset to 0.15 s after tone 196 offset. A value of LI > 0 indicates that the animal is preferentially responding to the rewarded tone, T1.
197
No feedback was given in response to licks. Lick rates tended to be lower during the presentation of the 198 OHSU noise distractors, but those data are not relevant to the learning analysis and are not reported here. , 1993; Atiani et al., 2014) .
208
During the recording session, animals were observed and monitored by video camera. Acoustic stimulus 209 presentation was controlled by custom MATLAB software (https://bitbucket.org/lbhb/baphy). Digital 210 acoustic signals were transformed to analog (National Instruments), amplified (Crown),and delivered 211 through a free-field speaker (Manger). Pupillometry was performed during neurophysiological recordings, 212 as described above.
213
To isolate a spiking unit while positioning tungsten electrodes, a pure-tone or broadband noise probe 214 stimulus was played periodically to search for sound-activated neurons. During recordings using 64-channel 215 array, the probe was inserted into auditory cortex until neural activity was observed across the 1.05-mm 216 span of recorded channels. A series of brief pure tone (100 ms duration at 60 dB SPL) was used to determine 217 the best frequency (BF), i.e., the frequency that evoked the strongest spike rate response.
218
After characterizing tuning properties at a recording site, two frequencies were selected for probing the 219 effects of VNS on tone-evoked activity. One tone was fixed at BF and other 2-3 octaves away from BF 220 (off-BF). The same tones were presented to passively listening animals in experimental blocks before, Early response Figure 2 . Animals were trained using classical conditioning to associate one specific target tone (T1) with a reward and another target tone (T2) with no reward. T1 and T2 were changed every 2 days (200-250 trials/day), typically after target-reward associations were learned. During these 2 days of training, T1 and T2 were either paired with VNS (1 s duration, 30 Hz, 200 µs biphasic pulses, 0.4-2 mA, VNS onset 100-150 ms before T1/T2 onset) or unpaired with VNS (occurred randomly during inter-stimulus interval).
Only lick(s) that occurred during target presentation (0.2-1.15 s after tone onset) were considered as a response to the target sound.
The change in response that persisted after accounting for pupil changes (r persist ) was obtained by 253 subtracting r pupil from r. After regressing out the effects of pupil, a comparison of r persist before and after 254 VNS was performed similarly to the comparison of raw evoked responses before and after VNS described 255 above.
256

RESULTS
Three ferrets (animals P, S, and N) were implanted with a cuff electrode for VNS. They were trained 257 to perform the target-reward association task using classical conditioning (Fig. 2) . Finally, single-unit 258 neurophysiological data was also recorded from these animals. Cumulative response rate as a function of time from target onset showed no difference between T1 and T2 on day 1 when VNS was unpaired with targets. Higher cumulative response rate was observed on day 2. In contrast, higher cumulative response rate was already noticed on day 1 when VNS was paired with targets.
(trials 1-200, Fig. 4B ). On day 2 (trials 201-400), the difference in cumulative response rates for T1 and T2 279 was even greater.
280
Behavioral data for one animal across multiple reward pairing and VNS conditions are summarized 281 in Fig. 5A . In addition to changing target frequencies pseudo-randomly every 2 days, we varied paired 282 and unpaired VNS conditions as well in order to balance transition probabilities. Multiple training days 283 were carried out to cover all the different combinations of target reward types and VNS conditions. Task 284 conditions were changed every two days regardless of performance in order to prevent overtraining on a 285 single target-reward association. Performance was measured using a learning index (LI, Eq. 1), computed 286 as the normalized ratio of responses to T1 (rewarded) versus T2 (non-rewarded). An LI of 2 indicated 287 responses only to T1, and a value of 0 indicated equal likelihood of response to T1 or T2. In training days 288 when VNS was paired with targets, LI was mostly positive and higher than for unpaired VNS-tone sessions.
289
In addition to controlling for the VNS pairing condition, we also controlled for transitions between 290 whether the lower-or higher frequency tone was rewarded. Even if absolute tone frequency changed, 291 animals had a more difficult time learning reward associations if T1 switched from being higher frequency 292 than T2 to lower frequency than T2, or vice versa (blue shading in Fig. 5A ). Transitions in which the 293 relative frequency of T1 to T2 switched were considered difficult and those in which it did not switch were 294 considered easy (see Fig. 6B ). . Learning index (LI) was mostly positive and higher for training days when VNS and tone presentation were paired (P) compared to when they were unpaired (N). P and N conditions were switched pseudo-randomly every 2 days so that they had balanced transition probability. Blue shading indicates training days when the task was considered hard because the rewarded tone (T1) was changed from the higher to the lower frequency than T2, or vice versa.
Since A1 excitability is correlated with the pupil-indexed arousal state (Schwartz et al., 2019) and VNS 324 can increase pupil size by itself ( Fig. 3) , we considered two possible pathways by which VNS might 325 mediate changes in A1 responses. One pathway is coupled with pupil-indexed arousal state and induces 326 reversible changes in A1 excitability (Fig. 1) . The second pathway promotes plasticity in A1 that persists 327 even after pupil-indexed arousal returns to its original level.
328
To study average changes in pupil diameter across experiments, we normalized pupil by the mean . Animals often learned to respond preferentially (LI > 0) to the rewarded target by day 2, but LI was significantly greater when VNS was paired with tone presentation. The learning speeds (slope between day 1 and day 2) were comparable for both paired and unpaired VNS-tone conditions. Asterisks (*) indicate significant differences between means (p < 0.05, rmANOVA). (B) When LI was further subdivided into switch (more difficult, relative T1/T2 frequency reversed from previous session) and no switch (less difficult, relative frequency not reversed) conditions, overall LI was different, but learning speeds between day 1 and 2 were similar for both conditions. No significant interaction between task difficulty and day or VNS was observed (rmANOVA, see text for details). Vertical lines indicate standard error of the mean. probably reflected increased arousal after the experimenter entered the anechoic chamber to unplug the 332 stimulation system. VNS-induced changes in pupil were smaller and shorter in duration (see Fig. 3 ). To 333 isolate effects of VNS, therefore, it is important to separate changes in A1 activity into two components, one that could be predicted by fluctuations in pupil (pupil effects) and one that persisted after VNS and was Trial no. turn is known to mediate cortical plasticity (Engineer et al., 2013; Dorr and Debonnel, 2006) . Thus, we 367 considered the possibility that persistent changes in spiking activity following VNS could be be predicted 368 by changes in pupil size during VNS. Compared to sessions without VNS, a larger increase in pupil size 369 was observed during the session of VNS paired with BF tone (Fig. 11A) , consistent with the VNS-evoked 370 dilation reported above (Fig. 3) . Moreover, pupil dilation was especially larger during recordings when units 371 underwent significant persistent changes post-VNS (compare red and blue lines in Fig. 11A ). When we 372 compared the mean trial evoked dilation during VNS-BF tone sessions and the magnitude of the persistent 373 change in BF tone response, there was a significant positive correlation (R = 0.32, p = 0.006; Fig. 11B ).
374
These results indicate that changes in pupil size during VNS predicted the magnitude of persistent plasticity 375 following VNS. This result is consistent with the possibility that changes neuromodulatory tone reflected 376 in the pupil gate the long-term effects of VNS on sound-evoked activity. work, we characterized short-term effects of VNS (200 times/day for 1-2 days) on auditory learning and 381 stimulus-specific activity in A1. We found that when VNS was paired with target tones during classical 382 conditioning, animals took fewer trials to learn to respond selectively to the rewarded tone than in an 383 unpaired VNS condition. Evidence for faster learning appeared consistently, across multiple animals and 384 difficulty conditions, even on the first day of a new reward pairing condition. These results demonstrate 385 that acute periods of VNS can have significant impact on auditory learning.
386
In addition to enhanced learning on short timescales, we found that A1 neurons in passive listening 387 animals showed reduced responses after a similar pattern of VNS as during behavior. After 20 trials of 388 pairing VNS with a BF tone, the mean sustained response to the BF tone was reduced relative to before 389 VNS. This reduction in response persisted even after regressing out changes in spiking that could be 390 explained by fluctuations in the pupil that index changes in global arousal. Moreover, the size of pupil categories or learning reward associations with known categories.
Importance of VNS timing and neuromodulator release in plasticity 421
Stimulation of vagus nerve triggers the release of neuromodulators from multiple nuclei to drive plasticity, 422 including noradrenergic (LC), cholinergic (NB) and serotonergic (dorsal raphe nucleus) systems (Nichols   423   et al., 2011; Dorr and Debonnel, 2006; Hulsey et al., 2019) . A reduction of either noradrenergic or 424 cholinergic signaling prevents VNS-dependent effects in the central nervous system, further suggesting 425 that VNS engages these systems (Nichols et al., 2011; Krahl et al., 1998) . Furthermore, the importance of 426 precise timing of VNS in the induction of plasticity has also been emphasized in many studies (Engineer 427 et al., 2011; Porter et al., 2012) . Neuroplasticity is strongly influenced by the relative timing of stimuli 428 and neuromodulator release. As a result, pairing VNS with a sensory input, for example a movement 429 or an acoustic stimuli, improves recovery from brain injury or tinnitus by enhancing neuroplasticity in 430 a timing-dependent manner (Hays et al., 2013; Pruitt et al., 2016; Khodaparast et al., 2016 Khodaparast et al., , 2014 . In 431 our results, we found that animals learned reward associations faster in the paired VNS-target condition 432 when VNS was synchronized with target tone presentation. This finding is consistent with the hypothesis 433 that precise timing of neuromodulator release with respect to behaviorally-relevant sensory stimulation is 434 required for the beneficial neuroplasticity associated with auditory learning. 435 436
VNS effects on primary auditory cortex 437
There is growing evidence of parallels between effects of VNS and of direct neuromodulatory stimulation.
438
In their seminal work on auditory plasticity, Kilgard et al. (2002) demonstrated that electrical stimulation assistance with neurophysiological recording; Zachary P. Schwartz and Charles R. Heller for assistance with pupillometry.
